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Summary 
An experimental investigation of the aerodynamic 
performance of leading-edge flaps on three clipped 
delta and three clipped double-delta wing planforms 
with aspect ratios of 1.75, 2.11, and 2.50 has been 
conducted in the Langley Unitary Plan Wind Tunnel 
a t  Mach numbers of 1.60, 1.90, and 2.16. A primary 
set of full-span leading-edge flaps with similar root 
and tip chords were investigated on each wing, and 
several alternate flap planforms were investigated on 
the aspect-ratio-1.75 wings. All leading-edge flap ge- 
ometries were effective in reducing the drag at lift- 
ing conditions over the range of wing aspect ratios 
and Mach numbers tested. Application of a pri- 
mary flap resulted in better flap performance with 
the double-delta planform than with the delta plan- 
form. The primary flap geometry generally yielded 
better performance than the alternate flap geome- 
tries tested. Trim drag due to flap-induced pitching 
moments was found to  reduce the leading-edge flap 
performance more for the delta planform than for 
the double-delta planform. Flow-visualization tech- 
niques showed that leading-edge flap deflection re- 
duces crossflow shock-induced separation effects. Fi- 
nally, an analytic investigation showed that modified 
linear theory consistently predicts only the effects of 
leading-edge flap deflection as related to pitching mo- 
ment and lift trends. 
Introduction 
In an effort to  design high-performance aircraft 
that satisfy the severe aerodynamic requirements of 
efficient cruise and high-lift flight across the Mach 
number range, wings that utilize variable camber 
devices are under consideration. The purpose of 
these devices is to control the flow on the wing upper 
surface so that the drag is minimized at a variety 
of lift conditions. One such device is the variable 
camber wing which employs a complex system of 
actuators and flexible wing skins to  vary the wing 
camber smoothly such that efficient attached-flow 
conditions are maintained at both low- and high- 
lift conditions (refs. 1 and 2). Another device is the 
vortex flap which is designed to generate and locate 
a separated leading-edge vortex and its associated 
suction pressures on the flap upper surface while also 
providing flow reattachment at the flap hinge line 
(ref. 3). Both the variable camber wing and the 
vortex flap are still in the development stage and 
have yet to be applied to production aircraft. A third 
device is the traditional leading-edge flap which, like 
the variable camber wing, is designed to maintain 
attached-flow conditions to higher levels of lift before 
flow separation occurs. The leading-edge flap has 
been utilized on production aircraft, but primarily 
at subsonic and transonic speeds (refs. 4 and 5). 
The limited leading-edge flap studies that have 
been conducted at supersonic speeds (refs. 6 and 7) 
have indicated that performance benefits can be pro- 
duced with flap deflection. Hence, additional stud- 
ies are needed to quantify aerodynamic performance 
benefits of leading-edge flaps at supersonic speeds for 
a variety of generic test configurations. 
The purpose of this study was to  evaluate exper- 
imentally the effect of wing aspect ratio, wing plan- 
form, flap planform, and Mach number on leading- 
edge flap performance at supersonic speeds, and also 
to determine the capability of a modified linear the- 
ory analysis method to  predict these effects. In ad- 
dition, flow-visualization techniques were utilized to 
identify the flow field characteristics associated with 
leading-edge flap operation. Simple wing-fuselage 
models were chosen for the investigation. A series 
of full-span leading-edge flaps were tested on three 
clipped delta and three clipped double-delta wings 
with aspect ratios of 1.75, 2.11, and 2.50. The exper- 
imental tests were conducted in the Langley Unitary 
Plan Wind Tunnel at Mach numbers of 1.60, 1.90, 
and 2.16. 
The experimental tests were part of a cooperative 












e m  
Cm,o 
aspect ratio, b2 /S  
wing span, in. 
axial-force coefficient, 
Axial force/qS 
base-cavity axial-force coefficient, 
Base-cavity axial force/qS 
drag coefficient, Drag/qS 
difference between minimum drag 
envelope and undeflected-flap drag 
curve at constant CL (see fig. 10) 
lift coefficient, Lift/qS 
lift coefficient at cr = Oo 
change in C L , ~  due to leading- 




zero-lift pitching-moment coefficient 
change in Cm,o due to leading- 
edge flap deflection, (Cm,o)bf +LO - 
(Crn,o)hf=o 
normal-force coefficient , 
Normal force/qS 
chord, in. 
wing mean aerodynamic chord, in. 
lift-drag ratio 
Mach number 
dynamic pressure, psi 
wing reference area, in2 
longitudinal distance from nose of 
fuselage, in. 
spanwise distance from model 
centerline, in. 
distance normal to reference 
xy-plane, in. 
angle of attack, deg 
= d r n  
streamwise leading-edge flap deflec- 
tion (positive when leading edge 
down), deg 
streamwise trailing-edge flap deflec- 
tion (positive when trailing edge 
down), deg 
leading-edge-flap performance 
parameter, JcL=o C ~ = 0 . 5  AC, dCL 
taper ratio, c ~ / c ~ , ~  
sweep angle, deg 
Subscripts: 
B leading-edge break 
e exposed 
LE leading edge 
max maxi mum 
P projected to centerline 
r root 
T E  trailing edge 
t tip 
Apparatus and Tests 
Test Description 
The tests were performed in the Langley Unitary 
Plan Wind Tunnel (ref. 8) at Mach numbers of 1.60, 
1.90, and 2.16. The tests were conducted at the 
following conditions: 
2.16 9.37 
The tunnel dew point was held below the min- 
imum value at which condensation effects become 
significant. 
Boundary-layer transition strips consisting of a 
0.063-in. band of No. 60 grit were located 1.2 in. aft 
of the fuselage nose apex and 0.4 in. aft streamwise 
of the wing leading edge. The method described 
in reference 9 was used to select the grit size and 
location in order to provide for fully turbulent flow 
over the model at all test conditions. 
The aerodynamic forces and moments were mea- 
sured by means of a six-component strain-gauge bal- 
ance contained within the model and attached to a 
supporting sting which, in turn, was connected to the 
permanent model-actuating system in the wind tun- 
nel. The model angles of attack were corrected for 
tunnel flow misalignment and for sting and balance 
deflection due to aerodynamic loading on the model. 
Base-cavity pressures were measured by means of 
sting-mounted tubes that were routed from inside 
the cavity to pressure transducers located outside 
the wind tunnel. These pressures were measured 
throughout the test and were used to correct the force 
data to a condition of free-stream static pressure act- 
ing over the base area of the model. The force data 
were reduced about a moment reference center lo- 
cated at 35 percent of the mean aerodynamic chord. 
Model Description 
The test models consisted of simple wing-fuselage 
combinations as shown in figure 1. The wings were 
mounted on a common fuselage having a fineness ra- 
tio of 14 (fig. 2) whose cross-section dimensions are 
contained in reference 10. Two basic wing plan- 
forms were investigated, a clipped delta planform 
and a clipped double-delta planform. Wing aspect 
ratios of 1.75, 2.11, and 2.50 were investigated for 
each planform. (See table I and fig. 3.) All wings 
had the same reference area, tip chord length, and 
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trailing-edge sweep. The double-delta wing geome- 
tries were defined with an outboard panel employ- 
ing 23.1" of leading-edge sweep beginning at 70 per- 
cent of the wing semispan. The airfoil consisted of a 
3.5-percent-thick NACA 64A-section for all the wings 
(NACA 64A0035). 
The primary leading-edge flaps (fig. 3) were de- 
signed for efficient subsonic maneuver performance 
by using the method of reference 11, which employed 
restrictions on the flap tip chord due to structural 
considerations. All primary flaps had similar root 
and tip chords. Several alternate flap planforms were 
tested on the aspect-ratio-1.75 delta and double-delta 
wings (herein referred to as the "AR = 1.75 delta and 
double-delta wings"). The alternate flap (flap B) 
tested on the AR = 1.75 wings (fig. 4) was config- 
ured to maintain the same flap area as the primary 
flap (flap A) but concentrate more flap area in the 
outer wing panel area. In addition, a nonstreamwise 
break in the flap on the double-delta wing was accom- 
plished through bisecting the leading-edge included 
angle of the inboard and outboard panels. The break 
in flap B on the delta wing was perpendicular to the 
leading edge. Flap C (fig. 5), which was tested on the 
AR = 1.75 delta wing, had the same area as the pri- 
mary flap but utilized the full tip chord for the flap. 
On the AR = 1.75 delta wing, flap D had 55 percent 
more flap area than flap C, an effect accomplished by 
increasing the flap root chord. Flap-deflection angles 
of O",  5O, and 10" were tested. The leading-edge flap- 
deflection angle Sf was measured in the streamwise 
direction. 
Trailing-edge flap deflections of O",  -loo, and 
-20" were tested in combination with deflections of 
the primary leading-edge flaps for the AR = 1.75 
delta and double-delta wings only. The same trailing- 
edge flap geometry was used on both wings and is 
shown in figure 6. 
Discussion 
Experimental Results 
As indicated previously, the purpose of this study 
was to evaluate the leading-edge flap performance 
at supersonic speeds on delta and double-delta wing 
planforms with aspect ratios of 1.75, 2.11, and 2.50. 
The effect of flap planform variations and trimmed 
flight requirements on flap performance was also 
studied on the aspect-ratio-1.75 delta and double- 
delta wings. In the discussion that follows, the 
term "leading-edge flap performance" refers to the 
effect that the deflected leading-edge flap has on the 
combined flap and wing aerodynamic characteristics. 
The results presented were obtained from the data 
tabulated in appendix A. The longitudinal aerody- 
namic characteristics of the delta and double-delta 
wing planforms without leading-edge flap deflection 
have been reported in reference 10. 
The effect of leading-edge flap deflection on 
the longitudinal aerodynamic characteristics of the 
aspect,-rat,io-1.75 delta wing with primary flap 
(flap A) is shown in figure 7 for each of the test Mach 
numbers. The data indicate that the flap deflection 
of 5" becomes effective in reducing the drag at a lift 
coefficient between 0.2 and 0.3, which is above the 
lift coefficients for Consequently, no in- 
crease results in The flap deflection of 
10" attains the efficiency of the deflection of 5" only 
at  very high lift coefficients (C, > 0.4). The ef- 
fect of the leading-edge flap deflection on the lift and 
pitching-moment curves is to incur a negative shift 
in C L , ~  and without altering the slopes of the 
curves. 
Similar results occur for the aspect-ratio-1.75 
double-delta wing with the primary leading-edge flap 
(fig. 8) except that the flap deflection of 5 O  yields 
an increase in at M = 1.60 and very 
little shift in Cm,o occurs. The drag and pitching- 
moment characteristics will be analyzed in greater 
detail in subsequent sections for all the flap and wing 
configurations. 
Shown in figure 9 is a summary of the increment 
AC,,, for all wings with a primary leading-edge flap 
deflection of 5". It should be noted that the inboard 
panel sweep of the double-delta wings was used in 
the calculation of the leading-edge sweep parameter 
(,B cot ALE). The data show that for an increasing 
aspect ratio there is an increase in A C L , ~ .  However, 
there is very little effect of Mach number or planform 
(delta versus double delta) for a given aspect ratio. 
Further analysis of the drag benefits due to 
leading-edge flap deflection will be based primar- 
ily on the incremental drag reduction ACD, which 
is defined in figure 10 as the difference between 
the minimum drag envelope and the undeflected-flap 
(Sf = 0') drag curve. The minimum drag envelope is 
faired between the Sf = O",  5O, and 10' drag curves 
to  yield the lowest drag for the configuration. Note 
that a positive ACD represents a drag reduction due 
to  flap deflection. 
Shown in figure 11 are the incremental drag re- 
ductions ACD due to leading-edge flap deflection 
for the six wing geometries tested with the primary 
flaps. Similar flap performance characteristics result 
for each of the configurations; specifically, the drag 
reductions typically begin at lift coefficients between 
0.1 and 0.2 and increase nonlinearly as lift coefficient 
increases. At M = 1.60 the drag reductions increase 
as the aspect ratio decreases for both planforms. As 
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Mach number increases, the flap performance of the 
higher aspect-ratio wings improves relative to the 
AR = 1.75 wing. 
In order to provide a measure of the flap perfor- 
mance on a given wing, a flap performance parame- 
ter was defined. As shown in the following sketch, 
the leading-edge-flap performance parameter q f  is 
defined as the integral of the drag reduction due to 
flap deflection over a range of CL from 0 to 0.5: 
AC, I A 
.5 
cL 
The rlf  variation with leading-edge sweep param- 
eter ( p  cot ALE) for the six wing geometries is shown 
in figure 12. For a given wing aspect ratio, it appears 
that q f  approaches a minimum at the sonic leading- 
edge condition (0 cot ALE = 1). For the double- 
delta wings, a minimum flap performance “bucket” 
occurred at  the sonic leading-edge condition. This 
bucket occurred for the AR = 1.75 delta wing also. 
For the other delta wings it is difficult to determine 
if a similar bucket occurred because they were not 
tested at subsonic leading-edge conditions. Gener- 
ally, the flaps seem to yield slightly better perfor- 
mance for the double-delta planforms than for the 
delta planforms. 
The effect of segmenting the primary leading-edge 
flaps was investigated on the double-delta planforms 
by deflecting only the inboard flap segment. (See 
fig. 13.) Generally, slightly better flap performance 
resulted when both inboard and outboard flaps were 
deflected. 
Drag reductions for both the primary and alter- 
nate flap planforms on AR = 1.75 wings are shown 
in figure 14. For the delta wing, the primary flap 
(flap A) and the larger alternate flap (flap D) yielded 
slightly larger drag reductions than flaps B and C. 
There was, however, a large degradation in the per- 
formance of the alternate flap (flap B) on the double- 
delta wing. This performance degradation may be 
due to flow separation in the wing crank region where 
the nonstreamwise change in the flap surface occurs. 
(See fig. 4.) 
In order to assess the impact of trimmed flight re- 
quirements on the supersonic performance of leading- 
edge flaps, the AR = 1.75 wings with the primary flap 
(flap A) were trimmed using trailing-edge flaps. A 
3-percent-stable static margin at M = 1.60 was cho- 
sen as the condition for which the configurations 
would be trimmed. Hence, the moment reference 
center was transferred from 0.35C (the location for 
the data in appendix A) to 0.42C for the delta plan- 
form and to 0.482 for the double-delta planform. 
The leading-edge flap configurations were trimmed 
for both the undeflected case and for the deflected 
case. 
The resulting drag reductions due to leading- 
edge flap deflection for trimmed flight conditions 
are shown in figure 15 and compared with the 
untrimmed values (trailing-edge flap undeflected). 
The delta planform experiences a significant reduc- 
tion in leading-edge flap performance because of trim 
requirements, whereas the double-delta planform ex- 
periences very little drag penalty. These trim drag 
penalties on flap performance result when a nega- 
tive zero-lift pitching-moment change due to leading- 
edge flap deflection (negative ACm,o) is trimmed by 
a drag-producing negative increment of trailing-edge 
flap deflection. The AR = 1.75 double-delta wing 
experiences only a small negative ACm,,, as shown 
in figure 8, resulting in only small drag penalties as 
previously noted. The more negative ACm,, shown 
in figure 7 for the AR = 1.75 delta wing yielded the 
reduced flap performance benefits noted previously. 
These trimmed flight results accentuate the impor- 
tant effect of the leading-edge-flap-induced pitching 
moment on overall deflected-flap performance. 
The trim penalties associated with leading-edge 
flap operation for the AR = 2.11 and 2.50 wings 
of a given planform will probably be larger than 
those for the AR = 1.75 wings because of.their 
more negative ACm,o due to leading-edge flap de- 
flection as shown in figure 16. Also, since a delta 
planform of given aspect ratio has a more negative 
ACm,, than its double-delta wing counterpart, the 
delta planforms should suffer greater trim drag losses. 
Finally, it appears that the effect of Mach num- 
ber is minimal for subsonic leading-edge conditions 
(0 cot ALE < l),  but ACm,, tends to decrease as 
Mach number increases for supersonic leading-edge 
conditions ( p  cot ALE > 1) for a given wing aspect 
ratio. 
For the primary and alternate flaps deflected 5O, 
the values of AC,,, on the AR = 1.75 wings are 
shown in figure 17. For the delta wing, the alter- 
nate flap C has a much less negative ACm,, than the 
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others, an effect which would likely make it the best 
performing flap when trimmed conditions are consid- 
ered. The alternate flap B on the double-delta wing 
has a positive AC,,,. This would likely make up 
for at least a part of its poorer untrimmed drag per- 
formance (see fig. 14) when trimmed conditions are 
considered, since a likely beneficial positive trailing- 
edge-flap-deflection increment would be needed for 
trim. 
Flow-Visualization Results 
In an effort to identify the flow field conditions 
corresponding to the leading-edge-flap-performance 
benefits previously discussed, both tuft and vapor- 
screen flow-visualization techniques were employed. 
Tuft and vapor-screen photographs were obtained for 
the AR = 1.75 and 2.50 delta wing configurations 
at Mach numbers of 1.60, 1.90, and 2.16, lift coeffi- 
cients of 0.1, 0.2, 0.3, and 0.4, and leading-edge flap 
deflections of Oo,  5', and 10'. These photographs 
are compiled in appendix B, and a representative set 
will be discussed subsequently. The tuft  photographs 
were taken of the upper surface of the left wing panel. 
The vapor-screen photographs were taken of the flow 
field above the upper surface of the left wing panel 
with the camera behind the model and looking up- 
stream. Shown in figures 18 to 20 are the tuft and 
vapor-screen photographs for the AR = 1.75 delta 
wing at M = 1.90. Flow-visualization results will be 
shown for flaps undeflected (Sf = 0') and deflected 
(Sf = 5') at CL = 0.2, 0.3, and 0.4. It was previously 
shown (fig. 7) that the leading-edge flap deflection of 
5' became effective in reducing the drag at a lift coef- 
ficient of about 0.2. At CL = 0.2 for the undeflected 
case, the tufts and vapor screen indicate a crossflow 
shock that begins at the leading-edge/fuselage junc- 
ture. With the leading-edge flaps deflected, a cross- 
flow shock is also observed in the vapor screen, but 
it has not achieved sufficient strength to impact the 
tufts. The tufts do, however, indicate some expan- 
sion over the flap hinge line as indicated by their 
inward orientation. At CL = 0.3, the crossflow shock 
attains sufficient strength to generate a separation 
bubble for the undeflected-flap case, whereas for the 
deflected-flap case the shock has only just begun to 
affect the tufts and no separation bubble is evident. 
At CL = 0.4, a separation bubble occurs for both 
deflected- and undeflected-flap cases, but (as indi- 
cated by close examination of the tufts and vapor 
screen) the extent of this separation bubble is smaller 
for the deflected-flap case. Hence, it appears that 
the deflected leading-edge flap reduces the crossflow 
shock-induced separation effects for a given CL. 
It has been shown that a separation bubble in- 
duces a localized low-pressure region on the wing 
surface. (See ref. 12.) The effect on drag of reducing 
the size of this low-pressure separation bubble at a 
given lift coefficient is better understood by consid- 
ering the normal and axial components of the drag 
(fig. 21). Note that deflecting the flap actually in- 
creases the normal-force component of drag because 
the wing must operate at a great,er angle of attack for 
a given lift coefficient. However, the large reduction 
in the axial-force component of drag results in an 
overall drag reduction due to flap deflection. A por- 
tion of this axial-force reduction is most likely due to 
the reduced size of the low-pressure separation bub- 
ble, the majority of which acts on the wing surface 
downstream of the airfoil maximum thickness (0 .4~) .  
Theoretical Results 
A theoretical analysis was performed using the 
method of reference 13 in order to determine the 
ability of the code to predict the supersonic aerody- 
namic characteristics of leading-edge flaps. The solu- 
tion technique employs a modified linear theory with 
corrections for leading-edge thrust/vortex effects and 
for attached flow, nonlinear compressibility effects. 
This code was chosen for evaluation since it is typ- 
ical of the methods currently employed to perform 
preliminary design analysis. In addition, this code 
has shown merit in predicting the aerodynamic char- 
acteristics of both cambered wings and wings with 
leading-edge flaps as shown in references 14 and 15. 
Shown in figure 22 is a sample input geometry 
to the code. The fuselage is represented by a zero- 
thick planar surface because the thickness changes 
too rapidly across the fuselage width to be repre- 
sented accurately in this code, whereas the wing itself 
is input with the appropriate airfoil thickness distri- 
bution. A previous study (ref. 10) comparing the 
zero-thick planar modeling with the actual fuselage 
modeling indicated only small differences in the lin- 
ear theory estimates of the lift-dependent character- 
istics. The numerical input for the three delta and 
three double-delta wing configurations with leading- 
edge flaps undeflected is contained in table 11. The 
format for this type of numerical input is defined in 
reference 16. Shown in table I11 are representative 
numerical inputs for a deflected leading-edge flap case 
for a double-delta wing and for a delta wing. 
A comparison of theoretical and experimental 
ACD values for the AR = 1.75 wings with primary 
leading-edge flap deflection is shown in figure 23. 
The code does predict benefits due to flap deflection, 
but the levels are not generally consistent with the 
experimental levels. A comparison of the qf values 
for all the wings with primary leading-edge flaps is 
shown in figure 24. Again, neither the experimental 
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values nor the trends are consistently predicted as 
the aspect ratio varies for a fixed Mach number. 
Predicted values of AC, for the primary and 
alternate leading-edge flaps on the AR = 1.75 wings 
are presented in figure 25. The code predicts that 
all the delta wing flaps have generally similar levels 
of performance, and it predicts a large decrease in 
performance for the alternate flap on the double- 
delta wing; these trends are similar to those observed 
experimentally (fig. 14) even though the absolute 
levels are generally not predicted. 
Finally, the ability of the code to predict some 
of the characteristics related to trim requirements 
was investigated. Since the results in reference 11 
indicated an inability of linear theory to predict 
adequately the aerodynamic characteristics of 
trailing-edge flaps, no attempt was made in the 
present investigation to predict the overall trim ef- 
fects on leading-edge flap performance. However, 
the theoretical values of AC,,, due to leading-edge 
flap deflection were determined and are shown in fig- 
ure 26. Although the absolute levels of AC,,, are 
not predicted, the effects of planform and aspect ra- 
tio are reasonably predicted. Similar results occur 
when values of ACL,, are compared (fig. 27). 
Conclusions 
An investigation of the aerodynamic performance 
of leading-edge flaps on three clipped delta and three 
clipped double-delta wing planforms with aspect ra- 
tios of 1.75, 2.11, and 2.50 has been conducted in the 
Langley Unitary Plan Wind Tunnel at Mach numbers 
of 1.60, 1.90, and 2.16. A primary set of full-span 
leading-edge flaps with similar root and tip chords 
were investigated on each wing, and several alternate 
flap planforms were investigated on the aspect-ratio- 
1.75 wings. The following conclusions were reached 
from the investigation: 
1. All leading-edge flap geometries were effective 
in reducing the drag at  lifting conditions for the 
specific wing aspect ratios and Mach numbers tested. 
2. The flap performance parameter of the double- 
delta wings approached a minimum at the sonic 
leading-edge condition. 
3. Application of a primary flap resulted in bet- 
ter flap performance with the double-delta planform 
than with the delta planform. 
4. The primary flap geometry generally yielded 
better performance than the alternate flap geome- 
tries tested. 
5. The t,rim drag due to the trailing-edge flap 
deflections required to trim the leading-edge-flap- 
induced pitching moments was greater for the delta 
wings than for the double-delta wings. 
6. Flow-visualization techniques showed that 
leading-edge flap deflection reduces crossflow shock- 
induced separation at lift coefficients above 0.2. 
An analytic investigation showed that the 
modified linear theory consistently predicted only 
the trends of the leading-edge-flap-induced pitching 
moment and lift characteristics. 
7. 
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Table I . Geometric Characteristics of Wing and Primary Leading-Edge Flap 
Characteristic . 
Aspect ratio . . . . .  
Area. S. in2 . . . . .  
Span. b. in . . . . . .  
Mean aerodynamic chord. 
e. in . . . . . . . .  
Leading edge of E: 
z. in . . . . . . . .  
y. in . . . . . . . .  
Projected root chord. 
Projected root chord 
c7.p. in . . . . . . .  
leading edge: 
z. in . . . . . . . .  
y. in . . . . . . . .  
Exposed root chord. 
Exposed root chord 
C7.e.  in . . . . . . .  
leading edge: 
z. in . . . . . . . .  
y. in . . . . . . . .  
Break chord. 
c g .  in . . . . . . .  
Break chord leading edge: 
z. in . . . . . . . .  
y. in . . . . . . . .  
Tip chord. c t .  in . . . .  
Tip chord leading edge: 
z. in . . . . . . . .  
y. in . . . . . . . .  
Leading-edge sweep. ALE: 
Inboard. deg . . . .  
Outboard. deg . . .  
Trailing-edge sweep. 
ATE. deg . . . . .  
Taper ratio. X . . . .  
Airfoil (NACA) . . .  
Leading-edge flap root 
chord. in . . . . . .  
Leading-edge flap tip 
chord. in . . . . . .  
Leading-edge flap break 
chord. in . . . . . .  
Leading-edge flap area. 






























































































































































Table 11. Numerical Input to Code for All Wings With Leading-Edge Flaps Undeflected 
LLADIhG EDGE FLAP STUDY tiR = 1.75 DOUDLE DELTA 
342.65 19.355 21.251 
0.0 .50 .75 1.25 2.50 5.0 10.0 20.0 
50.0 00.0 70.0 80.0 90.0 100.0 
0.000 0.000 0.000 37.000 
2.439 9.900 0.000 34.561 
7.317 1.219 0.000 29.683 
7.Y28 1.219 0.000 26.902 
26.324 8.571 0.000 5.830 
27.891 12.244 u.000 2.927 
0. 0. 0. 0. 0. 0. 0. 0. 
0 .  0 .  0 .  0 .  0. 0.  
0 .  0 .  0 .  0 .  0 .  0.  0 .  0. 
0. 0. 0. 0. 0. 0. 
0. 0 .  0 .  0 .  0 .  0. u. 0 .  
0 .  0 .  0 .  0. 0. 0. 
0.0 .280 .341 .429 .591 .b14 1.120 1.496 
1.641 1.409 1.094 .735 .372 .013 
0.0 ,280 .341 .429 .591 .b14 1.120 1.496 
1.641 1.409 1.094 .735 .372 .013 
0.0 .280 .341 .429 .541 .814 1.120 1.496 
1.641 1.409 1.U94 .735 ,372 .013 




30.0 40.0 GEOPI 5A 






GEOPl 6F  
0. 0. GEOlI 8 A 1  
GEOM 8A2 
0. 0. GEOtl 8B2 
GEUM 8B2 
0. 0. GEOM 8 C 1  
GEOM 8C2 
1.693 1.750 GEOH 8 D 1  
GEOM 8 I ~ 2  
1.693 1.750 GEOLI 8 E 1  
GEOM 8C2 
1.693 1.750 G E W  8F1  
GEUM 8F2 
LhAUIiJG EliGE FLAP STUDY AK = 1.75 DELTA 
342.65 16.910 23.814 
u.0 .50 .75 1.25 2.50 5.0 10.0 
50.0 60.0 70.0 80.b 90.0 100.0 
0.000 0.000 0.000 37.000 
2.439 0.900 0.000 34.561 
7.317 1.219 0.000 29.6&3 
13.146 1.219 0.000 22.856 
29.063 12.244 0.000 2.927 
0. 0. 0. 0.  0 .  0 .  0. 
0.  0 .  0. 0.  u. 0 .  
0. 0.  0 .  0 .  0 .  0. 0. 
0. 0 .  0. 0. 0. 0 .  
0 .  0 .  0 .  0 .  0 .  0 .  0 .  
0. 0. 0. 0. 0. b. 
0 .o .280 .341 .429 .591 .814 1.120 
1 .641  1.409 1.094 .735 .372 .013 
0.0 .280 .341 ,429 .591 .814 1.120 
1.641 1.409 1.094 .735 .372 .013 











0. 0. 0. GEOM & A 1  
GEOII 8A2 
0. 0. 0. GEUM 8b.2 
GEOM 862 
0. 0. 0. GEOM 8 C 1  
GEUPI s c 2  
1.496 1.693 1.750 GEOPl 8 D 1  
GEOFi 8U2 
1.496 1.693 1.750 bEOM 8 E l  
GEOtl &E2 
9 
Table 11. Continued 
LEADING EDGE FLAP STUDY AR = 2.11 DOUBLE DELTA 
1 -1  0 0 0 0 0 6 1 6  
342.65 16.934 22.293 
0.0 .50 .75 1.25 2.50 
50.0 60.0 70.0 80.0 90.0 
0.000 0.000 0.000 37.000 
2.439 0.900 0.000 34.561 
7.317 1.219 0.000 29.683 
10.698 1.219 0.000 23.802 
25.407 9.407 0.000 6.114 
27.127 13.439 0.000 2.927 
0. 0. 0. 0. 0. 
0. 0.  0 .  0. 0 .  
0. 0. 0. 0. 0. 
0. 0. U. 0. 0 .  
0. 0. 0. 0 .  0. 
0 .  0 .  0. 0 .  0. 
0.0 .280 .341 .429 .591 
1.641 1.409 1.094 ,735 .372 
0.0 .280 .341 .429 .591 
1.641 1.409 1.094 .735 .372 
0.0 .280 .341 .429 .591 















LEADING EDGE FLAP STUDY AR = 2.11  DELTA 
1 - 1  0 0 0 0 0 5 1 6  
342.65 15.271 24.021 
0.0 .50 .75 1.25 2.50 
50.0 60.0 70.0 80.0 90.0 
0.000 0.000 0.000 37.000 
2.439 0.900 0.000 34.561 
7.317 1.219 0.000 29.683 
14.533 1.219 0.000 20.788 
27.947 13.439 0.000 2.927 
0 .  0.  0. 0. 0. 
0 .  0. 0. 0. 0 .  
0 .  U. 0.  0 .  0. 
0. 0. 0. 0. 0. 
0 .  0 .  0. 0.  0. 
0. 0. 0 .  0. 0. 
0.0 ,280 .341 .429 .591 
1.641 1.403 1.094 .735 .372 
0 .0  -280 .341 .429 .591 






















0 .  
0. 
1.120 




















































W O b i  8A2 
GIiOf.1 8 B 2  
GEOPl 8B2 
GEOti 8Cl 




















GEUM 8 C 1  
GEUM 8C2 
GEOM & E l  
GEOPI 8 D Z  
GEUM 8L1 
G W h  3E2 
GEOI! B A l  
10 
LEADING EDGE FLAP STUDY 
1 - 1  0 0 0 0 0 6 
342.65 14.933 23.112 
0.0 .50 .75 1 . 2  
Table 11. Concluded 
AK = 2.50 UUUBLE DELTA 
16 
2.50 
50.0 60.0 70.0 80.0 90.0 
0.000 0.000 0.000 37.000 
2.439 0.900 0.000 34.561 
7.317 1.219 0.000 29.6d3 
13.162 1.219 0.000 21.074 
24.554 10.244 0.000 
26.427 14.634 0.000 
0. 0 .  0. 
0. u .  0. 
0. 0. 0. 
0. 0 .  0. 
0. 0. 0. 
0. 0. 0. 
0.0 .280 .341 
1.641 1.409 1.094 
0.0 . U 0  .341 
1.641 1.409 1.094 
0.0 .280 .341 



























LEADING EDGE FLAP STUDY AR = 2.50 
342.65 13.902 24.185 
0 .0 .50 .75 1.25 2.50 
50.0 60.0 70.0 80.0 90.0 
0.000 0.000 0.000 37.000 
2.439 0.900 0.000 34.561 
7.317 1.219 0.000 29.bU3 
15.750 1.219 0.000 19.024 
26.965 14.634 0.000 2.927 
0. 0. 0. 0. 0. 
0. 0. 0. 0. 0. 
0. 0 .  0. 0.  0. 
0 .  0. 0. 0. 0. 
0. 0. 0. 0. 0. 
0. 0. 0. 0 .  0. 
0.0 .280 .341  ,429 .591 
1.641 1.409 1.094 .735 .372 
0.0 .280 ,341  .424 .591 
1.641 1.409 1.094 .735 .372 








0 .  
.b14 








0 .  
0 .  









0 .  























































GEOll 6 s  
GEOX 6 C  
GEOM 6 D  
GEOPI 6E 
GEUM 6F 
GEOM 8 A 1  
GEOM 8A2 
GEUM 8 B 1  
GEUM GB2 
GEOM 8 C 1  
GEUM 8C2 
GEOII 8 C 1  
GEOPi 8D2 
GEON 8 E 1  
GEOM 8E2 

















GEOM 8 C 1  
GEOd bC2 





Table 111. Numerical Input for Typical Deflected Leading-Edge Flap Case 
LEAUING EDGE. F L U  STUDY Ad = 
1 1  0 0 0 0 0 1 1 1 8  
342.65 19.355 21.251 
0.00 .50 -75 1.25 
30.00 40.00 50.00 60.00 
0.000 0.000 0.000 37.000 
2.439 0.900 0.000 34.561 
7.317 1.219 0.000 29.683 
7.928 1.219 0.000 26.902 
7.928 1.220 0.000 26.902 
5.683 4.318 0.000 18.019 
24.818 7.969 0.000 7.555 
26.324 8.571 0.000 5.830 
26.324 8.572 0.000 5.830 
27.098 10.386 0.000 4.396 
27.891 12.244 0.000 2.927 
0.000 0.000 0,000 d.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 O.OOc, 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
-.179 -.167 -.162 -.150 
0.000 0.000 0.000 0.000 
-.158 -.150 -.146 -.138 
0.000 0.000 0.000 0.000 
-.132 -.129 -.127 -.124 
u.000 0.000 0.000 0.u00 
-.128 -.125 -.124 -.122 
0.000 0.000 0.000 0.000 
-.128 -.125 -.124 -.122 
0.000 0.000 0.000 0.000 
-.llS -.113 -.112 -.111 
0.000 0.000 0.u00 u.000 
-.lo2 -.lo1 -.lo0 -.099 
-.026 -.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 .280 .341 .429 
1.693 1.750 1.641 1.409 
0.OOU .280 .341 .429 
1.693 1.750 1.641 1.409 
0.000 .280 .341 ,429 
1.693 1.750 1.641 1.409 
0.000 .280 .341 .429 
1.693 1.750 1.641 1.409 
0.000 .280 .341 .429 
1.693 1.750 1.641 1.409 
0.000 .28u .341 .425 
1.693 1.750 l .b41 1.409 
0.000 .280 .341 .429 
1.693 1.750 1.641 1.409 
0.000 .280 .341 .429 




























































0.000 -. 079 
0.000 
-.099 
0.000 -. lU2 

























































































































































GEOM 7 H 1  
GEOl-1 7H2 
GEOM 7 1 1  
GEOM 712 




GEUM 8 A 1  
GEUM 8A2 
GEUM 8 B 1  
GEOM 8B2 








GEUM 8 G 1  
GEOh 8G2 






GEOPl 8 K 1  
GEOM 8K2 
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Table 111. Concluded 
LEADING EDGE FLAP STUDY AI( = 
1 1 0  0 0 0 0 8 1 7  
342.65 16.910 23.814 
0.00 .50 .75 1.25 
40.00 50.00 60.00 70.00 
0.000 0.000 0.000 37.000 
2.439 0.900 0.000 34.561 
7.317 1.219 0.000 29.663 
13.148 1.220 0.000 22.654 
16.537 3.567 0.000 18.611 
26.065 10.167 0.000 6.681 
28.149 11.611 0.000 4.071 
29.063 12.244 0.000 2.927, 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.uoo 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
-.179 -.169 -.164 -.154 
0.000 0.000 u.000 0.000 
-.163 -.155 -.151 -.142 
0.000 0.000 0.000 0.000 
-.117 -.114 -.112 -.110 
0.000 0.000 0.000 0.000 
- . lo7 - . l o5  -.lU4 - . l o2  
0.000 0.000 0.000 0.000 
-.1u2 -.lo1 - . lo0 -.099 
-.ooo 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 0.000 0.000 0.000 
0.000 .280 .341 .429 
1.750 1.641 1.409 1.094 
0.000 .280 .341 ,429 
1.750 1.641 1.409 1.094 
0.000 .280 .341 -429 
1.750 1.641 1.409 1.094 
0.000 .280 .341 .429 
1.750 1.641 1.409 1.094 
0.000 .280 .341 .429 
1.750 1.641 1.409 1.094 
1.75 DELTA FLAP A 
2.50 5.60 2.96 






0 ,000 -. 129 
0.000 -. 122 
0.000 -. 102 
0.000 
- .OY8 




























- . Ob8 
0.000 
- .089 
0. o w  -. 090 













































































































































GEOH 8 G 1  
GEOM 8G2 
GEOM 8 H 1  
GCON 8H2 
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(a) Delta planform. 
(b) Double-delta planform. 


























































ratio Double delta 
L i  47.7O 2.11 Lpj 60.9O 
Figure 3. Geometry of exposed wing and primary leading-edge flap (flap A). See table I for dimensions. 
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x = 24.866 A It .780 
(a) Delta planform. 
y = 1.219 
I t-5 
(b) Double-delta planform. 
Figure 4. Geometry of alternate flap B for AR = 1.75 delta and double-delta planforms. Linear dimensions 
are given in inches. 
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- 
y = 1.219 
A L 2 . 9 2 7  
(a) Flap C. 
2.927 A I -  
(b) Flap D. 




(a) Delta planform. 
2.801 -I r 
219 
1.049 YL 
(b) Double-delta planform. 
Figure 6. Geometry of trailing-edge flap for AR = 1.75 delta and double-delta planforms with primary leading- 











I 1 1 1 1 1 
.1 .2 .3 .4 .5 .6 -. 1 0 
(a) M = 1.60. 
Figure 7. Effect of primary leading-edge flap deflection on longitudinal aerodynamic characteristics of 
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(a) Concluded. 
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(b) M = 1.90. 
Figure 7. Continued. 
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(b) Concluded. 
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( c )  M = 2.16. 
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cL 
(c) Concluded. 
Figure 7. Concluded. 


























(a) M = 1.60. 
Figure 8. Effect of primary leading-edge flap deflection on longitudinal aerodynamic characteristics of 





























-1 1 -2 
0 .1 .2 .3  .4 .5 .6 
cL 
(b) M = 1.90. 
Figure 8. Continued. 
cm -..'I 
-.lo 
0 0  
0 5  
0 10 
(b) Concluded. 
Figure 8. Continued. 
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(c )  A4 = 2.16. 
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(c) Concluded. 
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Figure 14. Comparison of primary and alternate leading-edge flap performance. AR = 1.75. 
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1 1 I I 
0 .2 .4 .6 
Figure 15. Effect of trimmed flight requirements on primary leading-edge flap performance for AR = 1.75 wings. 
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.4 .8 1.2 1.6 2.0 2.4 
0 
Figure 16. Pitching-moment shift due to 5' deflection of primary leading-edge flap. 
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P cot ALE 
ure 17. Pitching-moment shift due to 5' deflection of primary and alternate . -  . _ _  . leading-edge 
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.Oo6 r M = 1.90 
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cL 
Double de l ta  
r 
M = 1.60 / 
/ 
M = 1.90 r 
M = 2.16 
I I I I 
0 .2 .4  .6 
cL 
Figure 23. Theoretical and experimental drag reduction due to primary leading-edge flap deflection for 
AR = 1.75 wings. 
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Experiment Theory Wing 
0 @el t a  
0 Double d e l t a  --- 
IO 
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r L M=1.90 
M=2.16 1 
0 .2 .4 .6 
cL 
Figure 25. Theoretical comparison of primary and alternate leading-edge flap performance. 
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Figure 26. Theoretical and experimental pitching-moment shift due to 5 O  deflection of primary leading-edge 
flap. 
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Table AI defines the symbols corresponding to the column headings that appear on the tabulated data. 
Table AI1 is an index to the tabulated force and moment data that are presented in table AIII. Note that 
the data were obtained in two separate wind-tunnel entries. The data from runs 15 to 237 were obtained 
under project 1476 of the Langley Unitary Plan Wind Tunnel (UPWT project 1476), and the data from 
runs 501 to 536 were obtained under UPWT project 1522. The data contained in table AI11 were reduced 
about a moment reference center located at 35 percent of the mean aerodynamic chord. 









1 LID MACH 
Table AI. Tabulated Data Symbols 
Definition 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Q 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C A  
CA,C 





. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  M 
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A R  = 1.75 
double delta 





6f , deg 





























































































=The 510 and 1010 designate the configurations where the outboard leading-edge flap is undeflected and the inboard 
leading-edge flap is deflected 5' or loo ,  respectively, for the double-delta wing configurations. 
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AR = 1.75 
delta 









Sf 1 deg 

















































































































































































AR = 2.11 
double delta 
AR = 2.11 
delta 
AR = 2.50 
double delta 








Sf 9 deg 



















































































aThe 510 and 1010 designate the configurations where the outboard leading-edge flap is undeflected and the inboard 
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The tuft and vapor-screen photographs were taken using standard flow-visualization techniques for the 
Langley Unitary Plan Wind Tunnel. A detailed description of the vapor-screen technique is contained in 
reference 17. The tuft photographs were taken of the upper surface of the left wing panel. The vapor-screen 
photographs were taken of the flow field above the upper surface of the left wing panel. The vapor-screen 
light plane was located at the intersection of the leading edge and the wingtip, except for the AR = 1.75 wing 
at  M = 2 . 1 6 , C ~  = 0.4, and Sf = 0' for which the light plane was located at the trailing edge and wingtip 
intersection. Also, the light plane is orientated normal to the free-stream flow direction. Table BI is an index 
to the flow-visualization photographs contained in figures B1 to B18. 








































AR = 1.75 delta with 
primary leading-edge flap 
AR = 2.50 delta with 
primary leading-edge flap 






























































































I I  
J 
89 















































































































I I  
0 
-J 











ORIGlNAL F A X  IS 













































-.- OPZiG;?:Jx ;'P.;.c i., 









































r 4  
0 
I I  
u -1 
104 
ORIG1NAL T-&f is 

















































ORIGXAL FAZE 13 































I I  
0 
-J 
ORtG.;:.X F A X  IS 


















- , -P OR., 1 I . -  i-I ruc 13 
OF, POOR QUALITY 
N 
0 
























































































Standard Bibliographic Page 
. Report No. 
NASA TP-2656 
2. Government Accession No. 
I. Author(s) 
Peter F. Covell, Richard M. Wood, and David S. Miller 
17. Key Words (Suggested by Authors(s)) 
Leading-edge flaps 
3 .  Performing Organization Name and Address 
NASA Langley Research Center 
Hampton, VA 23665-5225 
18. Distribution Statement 
Unclassified-Unlimited 
12. Sponsoring Agency Name and Address 
National Aeronautics and Space Administration 
Washington, DC 20546-0001 
19. Security Classif.(of this report) 20. Security Classif.(of this page) 21. No. of Pages 
Unclassified Unclassified 124 
~~ ~ 
15. Supplementary Notes 
22. Price 
A06 
3. Recipient’s Catalog No. 
5 .  Report Date 
April 1987 
6. Performing Organization Code 
505-61-71-01 
8. Performing Organization Report No. 
L-16143 
~ 
10. Work Unit No. 
11. Contract or Grant No. 
13. Type of Report and Period Covered 
Technical Paper 
14. Sponsoring Agency Code 
16. Abstract 
An experimental investigation of the aerodynamic performance of leading-edge flaps on three clipped delta 
and three clipped double-delta wing planforms with aspect ratios of 1.75, 2.11, and 2.50 has been conducted 
in the Langley Unitary Plan Wind Tunnel at Mach numbers of 1.60, 1.90, and 2.16. A primary set of full- 
span leading-edge flaps with similar root and tip chords were investigated on each wing, and several alternate 
flap planforms were investigated on the aspect-ratio- 1.75 wings. All leading-edge flap geometries were 
effective in reducing the drag at lifting conditions over the range of wing aspect ratios and Mach numbers 
tested. Application of a primary flap resulted in better flap performance with the double-delta planform 
than with the delta planform. The primary flap geometry generally yielded better performance than the 
alternate flap geometries tested. Trim drag due to flap-induced pitching moments was found to  reduce 
the leading-edge flap performance more for the delta planform than for the double-delta planform. Flow- 
visualization techniques showed that leading-edge flap deflection reduces crossflow shock-induced separation 
effects. Finally, an analytic investigation showed that modified linear theory consistently predicts only the 
effects of leading-edge flap deflection as related to pitching moment and lift trends. 
For sale by the National Technical Information Service, Springfield, Virginia 22161 
NASA-Langley, 1987 
